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I. INTRODUCTION

During the course of the General Electric metal vapor laser development

program there have been several qualitative observations which are indicative of

contaminating species in the buffer gas (helium)/metal vapor discharge mixture.

For example, during break-in operation of a new ceramic discharge tube, the

color of the discharge appears white rather than the typical pink color of the

helium discharge. Furthermore, this condition is often accompanied by unstable

discharge attachment at the cathode and arc formation. The latter causes

current surges which often interfere with thyratron turn-off resulting in power

supply trip-outs and long warm-up times.

Another indication of the presence of contaminating species is coating of

the laser windows. This coating often builds up to such a degree that optical

transmission is obscured. Laser operation is consequently seriously degraded.

These conditions generally improve markedly to acceptable levels in a

matter of a few hours. However, laser performance often continues to show very

gradual improvement over long periods of operation. These findings suggest a

continual clean-up of contaminants released from the laser components. The slow

flow of buffer gas, escaping through the unsealed ends of the laser tube to the

highly evacuated region, '
2 could carry such evolved species out.

This presence of contaminants is certainly not an unexpected finding.

Laser tubes must be heated to 900-1000 0C for the lead laser and to 130G-14000

for the copper laser. These values are substantially in excess of the normal

vacuum bakeout temperature of 400 0C needed to evolve trapped gases from the

walls of high vacuum equipment. Clearly, these elevated temperatures should

cause further species evolution. Furthermore, it is well known that even the



highest purity alumina tubes have significant percentage concentrations of

various metal oxides which could be evolved during operation.

These contaminants did not seem, during the early years of development, to

have seriously hindered the dramatic steps forward in laser performance. In

fact it seems to be a generally accepted tenant that these high gain lasers

would not only operate but perform well under dirty conditions which would

prevent other types of lasers from e'en reaching threshold.

Now, however, the progress in metal vapor laser development has come to a

point where further improvements in power and efficiency and especially long-

life, sealed-off operation will require a better understanding of the role

contaminants play and how to minimize their deleterious effects. This need has

become quite evident in our laboratory where recirculating wick structures are

used for metal vapor containment during long term operation. It has been

learned that the wetting properties, and hence ultimately operating lifetime, of

the liquid metal on the wick surface are very sensitive to contaminants and

surface preparation.

Also, there have been recent reports from other laboratories on work and

observations concerning the problem of contamination. Smilanski et al 3 ) have

noted a correlation between the decay of the sodium line intensity (and

presumably a correspondingly smaller sodium concentration) in a copper laser and

an increase in laser performance. They also note that lasing in a high pressure

neon buffer, which also enhances laser performance in their apparatus, seemed to

correlate with the use of high purity alumina discharge tubes and long term

processing.

In our laboratory prior to this study we had begun to make preliminary



spectroscopic measurements to positively identify contaminating species in the

laser discharge. The purpose of this study is to pursue further this

spectroscopic identification of the contaminating species and to determine their

time evolution under various experimental conditions. As a direct result of

this activity we expected to develop a physical picture and appropriate

- procedures to ensure that the levels of contamination are reduced to acceptable

levels prior to long-term laser operation.

3 
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II. TEST FACILITIES

Three facilities were assembled and dedicated to the experimental testing

- performed during the course of this program. In this section each facility is

described in detail, and a brief explanation of the type of tests performed at

each is presented.

Facility i: In this facility ceramic laser discharge tubes were heated by

the discharge-heated technique to temperatures several hundred degrees

centigrade above normal operating temperatures for a lead laser and maintained

at this condition for extended periods of time. The purposes were: 1) to

identify and monitor spectral line intensities of contaminating species during

- such bakeout procedures, and 2) prepare tubes for laser tests in other

facilities to evaluate the bakeout process. This facility is shown

-- schematically in Figure I and consisted of the following components:

i) Laser Vacuum Jacket: assembled from standard stainless steel Varian

vacuum components with copper gasket seals, a vacuum break, and two

water-cooled window assemblies with demountable windows, 
1,2

ii) Diffusion/Forepump pumping station with appropriate oressure

monitoring devices,

iii) Gas handling system to admit buffer gas(es) to the laser tube,

iv) Pulse Discharge Electronics: capacitor pulse forming network,

hydrogen thyratron, resonant charge circuit, trigger pulse generator,

high voltage power supply,

v) Diagnostic Equipment: monochromator with photomultiplier, current and
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voltage probes, oscilloscopes, chart recorders, electrometer.

vj Facility 2: This facility was used to perform extended laser life tests.

The purpose was to evaluate the effects of bakeout and contaminant reduction on

the long life performance of the lead laser wicks. The experimental set-up isH shown schematically in Figure 2 and consisted of the following:

i) Laser Vacuum Jacket: assembled from standard stainless steel Varian

vacuum components with copper gasket seals, a vacuum break, and two

water-cooled window assemblies with demountable windows, 
1,2

1 ii) Diffusion/Forepump pumping station with appropriate pressure

monitoring devices,

iii) Gas handling system to admit buffer gas(es) to the laser tube,

iv) Pulse Discharge Electronics: capacitor pulse forming network,

hydrogen thyratron, resonant charge circuit, trigger pulse generator,

high voltage power supply,

v) Diagnostic Equipment: monochromator, laser power meter, recorder,

electrometer.

Facility 3: This facility was specially constructed from components havine

I all metal seals (no O-rings) in order to have a system capable of being sealed-

off to evaluate the degree of, and effects due to, contamination build-up during

the course of long-term sealed-off operation. As described below and shown in

•. Figure 3, the system was designed for sealed-off operation without the laser

r tube being sealed-off from the vacuum jacket region.

V6
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i) Laser vacuum jacket was assembled principally from a series of vacuum

breaks. The laser tube was supported between electrode flanges and

surrounded with zirconia and Saffil to provide thermal insulation and

to prevent electrical breakdown. This was necessary because the tube

was not sealed, and hence the buffer gas pressure in and outside of

the tube are equal. Finned sections were provided to thermally

isolate the fused glass window assemblies (see Appendix I).

ii) Diffusion/Forepump pumping station with appropriate pressure

monitoring devices; gold seal valves were used to connect tube and

jacket regions to the pump line; all stainless regulator was used to

admit high purity buffer gas. A capacitance manometer was installed

to measure pressure during sealed-off operation.

iii) Gas handling system to admit buffer gas(es) to the laser tube.

iv) Pulse Discharge Electronics: capacitor pulse forming network,

hydrogen thyratron, resonant charge circuit, trigger pulse generator,

high voltage power supply.

v) Diagnostic Equipment: monochromator, voltage probe, oscilloscope,

laser power meter, recorder, electrometer, mass spectrometer.

Several facilities similar to those shown in Figures I and 2 were also used

for short term testing. A standard General Electric Model 6-15 copper vapor

laser (Figure 4) was used for many of these.

The laser tubes used for the lead vapor laser tests were all I 1/4!" alumina

ID 24"' long. Thermal shielding of 2-3 layers of tantalum foil was used,

depending upon the temperature sought. The copper vapor laser tubes tested 'ere

-" 9
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generally those of standard Model 6-15 design, 1" ID 42" long. Thermal shields

were made of 10-13 layers of molybdenum foil. A few tests were also conducted

with 1 1/4" ID copper vapor laser tubes.
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III. CHARACTERISTICS OF OPERATION

A. General

L i The general characteristics of operation of the lasers investigated are

summarized in References 2,4-6. Both lead and copper vapor lasers were

tinvolved. The relevant structure of both is schematically shown in Figure 5.
During operation the region inside the ceramic discharge tube, electrodes,

and window assemblies is filled with an inert gas and discharge. The most

intense discharge takes place between the electrodes since the primary discharge

attachment occurs on these components. However, visible current attachment can

be seen well into the window assembly, at times extending up to the windows.

FSimilarly, the highest temperature regions of the device are inside the ceramic

tube and to a lesser degree out to the wicks and electrodes. The surrounding

thermal radiation shields for this study were designed for maximum ceramic tube

temperatures of over 1500 0 C in a copper vapor laser and 1300°C in a lead vapor

laser. Operating temperatures are respectively 1400°C and 1000°C. The window

assemblies are water or air cooled and so their temperature is close to that of

1 the ambient environment.

In all but the sealed tube design, there is a continuous slow leak of buffer

gas through the slip joints between the electrodes and the ceramic and between

the electrodes and the flanges through which they are inserted. This flow of

gas prevents any contaminants evolved in the evacuated space surrounding the

discharge tube from entering the region filled with discharge. Non-condensible

contaminants evolved within the gas filled region will, of course, be carried

out wiLh the flow.
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Ideally the only species to be found in the gas phase would be the inert gas

(helium in these experiments) and the metal vapor of choice (copper or lead).

Small amounts of hydrocarbons (pump oil) and atmospheric constituents were

expected to be driven off relatively easily. Thereafter "clean" conditions

might be expected.

This ideal model was only partly borne out by observations. Initial

discharge appearance was the blue-white characteristic of atmospheric

. 2  constituents adsorbed on various surfaces. During this time hydrocarbons were

also driven off and, in part, deposited on the laser windows. The current drawn

from the high voltage supply during this period was found to be anomalously high

for the voltage applied. If heated sufficiently to vaporize copper or lead only

Upoor laser output could be obtained.
I

During a period of a few minutes to several hours, depending upon whether

1 the tube had been run previously, the color of the discharge gradually became

the pink characteristic of a helium discharge. The hydrocarbon coating of the

window slowed and the current fell. The laser power gradually improved.

The appearance of steady state was then reached in which the discharge was

pink to the eye and coating of the window was slow. The power supply current

1 jeld steady. The only gross evidence that a true steady state had not been

reached was the continuing improvement in laser output power. This stage

continued for many hours.

r B. Impurities

1Upon closer examination the presence of a host of potential impurities can

be deduced. Table I lists the impurities shown by vendor analysis to be present

-1
r in the materials used in hot sections of the laser. The high vapor pressure of

2



TABLE 1

IMPURITY CONTENT

304 Stainless Steel

Alumina* Tantalum Tungsten (Flanges Window

(Discharge Tube) (Electrodes & Wick) (Wick) Assembly)

Fe M M C P

Ni M C P

Si M M C P

Al P C

B C

- Ca M C

Cr X C p

Cu X C C

Ga M

Pb C

Mg M C

Mn C C P

Na M

Nb M

- P

S M

Sn C

Ti C M C

C >1C

0 P M

H C

4 N

W P

] Mo M

Hf M

Ta P

1I In the form of oxides.

P = Primary Constituent
M - Major contaminant 01-. 01'

C = Minor contaminant .01-.0 0 1 ',

X - Trace

15.]



1

1 some of these species would be expected to drive them into the discharge vapor

during high temperature operation. In addition, the atmosphere used to sinter

the tubes includes atmospheric gases, natural gas, and obvious products such as

water, CO, and CO2 . These gases would be trapped in the grain boundaries and

closing pores of the alumina.
12

In addition to gaseous impurities such as oxygen, nitrogen, and hydrogen the

highest vapor pressure materials among these contaminants are listed in Table 2.

The most easily vaporized (phosphorous and sulfur) are only found in the well-

cooled window assembly and so may never appear. The others are in the discharge

tube, the highest temperature point, and so are to be expected. However, the

impurities there are in the form of oxides with generally low vapor pressure.

F .High temperatures are not the only environment parameter that can introduce

impurity species to the discharge plasma. Sputtering and other discharge-

surface interaction mechanisms can be very effective in this role. In addition,

Fheavy metals like tungsten, tantalum, and iron can be released into the

discharge plasma by this mechanism. They are abundant in the metals making up

the laser.

1 It is the ultimate clean up of the impurities evolved by these two processes

during the last stage of operation that will be the principal subject of this

17~ report.

1_7 C. Current-Voltage Characteristics

As mentioned earlier, during the early stage of laser tube heat up molecular

contaminants are driven off. This changes the discharge color and redices the

high voltage power supply current. During this period the current is

susceptible to large transients that can momentarily overload the power supplv,

F

F m . . . .. ...... ... . ..... -



-' TABLE 2

VAPOR PRESSURE OF SOLID IMPURITIES

17000 K

VAPOR

METAL PRESSURE

S, P, Na, Mg, Ca, Mn, Pb >10 torr

Al 5 x 10 -

Cu 10- 1

Cr 5 x 10 2

Ni, Fe, Ga 5 x 10-
3

Si 5 x 10

I Ti i0- 4

11



tripping out its protective interlock. For a fixed supply voltage the current

will gradually fall to a value as much as 25% below its maximum. Thereafter,

when the laser is exposed to air the current will run at an intermediate level

for a short time before returning to its "clean" value. Table 3 summarizes

these observations for a low power inadequate to heat the discharge tube but

enough to vaporize laser metal.

For higher input power, sufficient to heat the discharge tube to a

F temperature that will vaporize laser metal, the reverse process occurs. The

power supply current rises. The same power will produce a constant ir falling

V current if the metal vapor pressure is low. Table 4 shows how the current rises

as the metal vapor pressure rises for a copper vapor laser. The laser output

V power is included as a measure of that vapor density. It is interestine to note

that the fall in current and rise in laser power between the last two readingis

iy ceflect continuing clean up of discharge impurities.

7

V
V
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TABLE 3

BEHAVIOR OF POVNER SUPPLY CURRENT

AS LASER CLEANS UP

DISCHARGE

CURRENT APPEARANCE CONDITION

250 ma Blue Unheated

250 ma Pink but dim Previously moderately

heated.

230 ma Pink & bright Previu.sl. ,ell re d

after Lonz term laser

--erat-on and short air

exposure.

200 ma Pink & bright .7,r e . trr.
e riti 'IL air

Power supn: voltaze, 3.' :., - 1.. -.r2!1

Laser loaded with copper or eeiu. :.rs ar-

same since tube is cold.

- I)
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TABLE 4

BEHAVIOR OF POWER SUPPLY CURRENT
AS COPPER VAPOR PRESSURE IN

DISCHARGE IS INCREASED

1

COPPER
ELAPSED LASER

TIME CURRENT POWER

0 300 ma -I
0:20 340 ma 1.22 watts

1 0:36 365 ma 6.89 watts

1 1:35 372 ma 9.47 watts

4:32 370 ma 1).63 %-at s

] Copper Vapor Laser: -. 3 torr Helium Bffcr

. 5 Kv pow.e r s u c, L i Z e

0

.7J
1

r-"

I I | | l .. ." .. . . . . . . .. . . . I I I | . ... .. . . . . .1 . ..." " . . . . . .. ' . . . | I . i



IV. WINDOW COATING

As described in the previous section, laser windows were found to be coatedr by discharge impurities in two stages. The first stage involved hydrocarbons

and lasted only a short period. The coating was often so opaque that laser

V
7  

operation was impaired. It should be noted that even with clean windows laser

operation was at best poor during this early stage, but with coated windows the

power remained low. Consequently, the windows were then usually removed and

wiped off or polished. This coat was rarely strongly adhering.

The second stage involved a more slowly growing window coating composed

primarily of sputtered products of window assembly (304 stainless steel)

materials. Appendix 2 describes the characteristics of this coating and a means

for preventing its growth. As described in that appendix, sputter coating of the

I ~window can be minimized by placing a non-conducting shield next to the window.

This forces current attachment to be remote and sputter products cannot reach

the window.

Another window coating mechanism that continues even when sputter coating

is suppressed involves diffusion of droplets of the lasing metal. Inadecuate

confinement of the laser metals to the hot zone of the discharge tube allows

some to condense on the windows, often limiting laser output before loss of

metal from the hot zone has the same effect.

Two techniques have been used to produce that confinement. The most common

uses high buffer pressures to restrict diffusion and so is operative in most

metal vapor lasers to at least some degree. The use of 200-300 torr of neon cin

keep windows clean for over 3,000 hours.7 Unfortunately the use of this

technique leads to a decrease in power output of 25-30%.

t !



1Another technique in common use involves wick structures to recirculate

metal diffusing out of the hot zone of the laser.8 '9  With proper design wick

structures can be made that prevent laser metal from reaching (coating) windows

for very long periods. Appendix 3 and a section to follow describe how

impurities in the plasma affect such ' operation.
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V. IDENTIFICATION OF SPECIES

Spectroscopic analysis of the discharge provides some insight into the

causes for continuing improvement in laser output. Several contaminant lines of

decreasing intensity can be identified. The effects of some of these species

have already been correlated with reduced laser power.10

As might be expected the species and line intensities observable are

dependent upon laser tube history, operating temperature, discharge power, and

presence of laser metal. The conditions that bring out many of the strongest

impurity lines are:

1) A fresh unheated discharge tube,

2) Run at maximum temperature,

3) With maximum input power,

4) Without any laser metal.

The initial clean-up (to be discussed later) of a copper laser tube before

introduction of copper is typical of stch operation.

The impurities producing the strongest spectral lines under these conditions

and the lines generally used for identifying them are listed in Table 5. It

should be noted that the majority are represented by ionic as well as neutral

species.

In contrast to these results operation at lower power in a cold tube

produced stronger lines from all the same gases (nitrogen, oxygen, and

F hydrogen), but very few of the metal species. Only the strongest lines of

calcium, lead, and sodium appeared, and those weakly. In addition, two oxides

(lead and cal ium) were identified. Table 6 lists all the lines found under

F-3



TABLE 5

IMPURITY SPECTR\L LINES*
rN ANGSTROMS

L Ca 3933.67 4226.73 4425.44 4434.96 4454.78

6162.17

Cr 3578.69 3605.33 4254.3 4274.8 4289.7

5206.04 5208.44

Cr +  2835.b3 2843.25 2849.83

Cu 3247.54 3273.96 5105.54 5218.2 5782.13

F 3570.1 3719.94 3734.87 3737.13 3749.49

3758.24 3285.88 3859.91

Fe+ 25)8.37

Ga 2874.24 2943.64 4172.06

iH 4340.47 4631.88 4634 4861.33 4928.7

5812.58

-- He 3613.34 3888.65 4026.19 438.9 4471.5

4713.2 4921.9 5015.7 5047.7 5875.9

Li 2741.2 3232.61 402. 87!. 93. -

Mg 2852.13 3829.35 3832.31 383,3 .2 1,7 ).

5172.7 5183.51 5528.Ab
*+ 2

Y M 1795.53 2802.69

* n 4030.76 4033.07 4034.49

Mn 2576.10 2593.73 2605.69
7

N 3830.39 4099.94 4109.98 4151. o 4.3 3

6008.48 5200.5

N 5005.14 5679.36

T :357r) 3,33.A 380~

Condit ions: 1-40'C, 200o .- tti input, helium buf fer, , Iaser -et :, s;,t .- rv
small fragments; pos-iblv on electrodes.
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TABLE 5 (Cont'd.)

f N2  3582.1 3884.3 3914.4 4278.1 4336.5

Na 3302.32 3302.99 5682.66 5688.22 5889.95

5895.92

Ni 3414.76 3492.96 3515.05 3524.54

0 3823.47 3947.33 4368.3 5330.66 6158.2

0 2 3517

Ti 3642.88 3653.50 3998.64 4981.73

.3 Ti ~ 3349.41 3361.21 3361.64

F 25
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TABLE 6

LINES OBSERVED IN COLD LASER TUBE*

He 3888.7 4471.5 4921.9 4713.7 4 387.9

5015.7 5047.7 3964.7 3613.6 -025.19

5875.9 4437

H 4861.3 4340.5

0 4368.3 5330.7

_ 02 3914 3743 3671

+
1 02 3859.5

N2  4278.1 3914.4 3576.9 5030.8 3804.9

3940.3 4141.8 3536.7 3755.4 -,71n.5

-, 4200.5

N + 4278 3582 4599.7 4651.8 .,T 9.2

4236.5 3884.3

Ca+  3968.47

Na 5689.95 5995.92

I Pb 4057.83

PbO 4553.7

CaO 3564

Conditions: <550C, 590 tatts input, helium bufr, 7e n 1 r t,

for very small fragnents pos;ibI1'' :" elstctn.l.s.



this condition.

It is important to note here the absence and presence of various species in

the discharge plasma. Tungsten, tantalum, aluminum, and silicon, among the most

important constituents of the laser tube assembly, cannot be clearly identified.

On the other hand, some trace species such as titanium, manganese and calcium

are represented by very strong spectral lines. These trace species as well as

all the dominant spectral impurities are present within the high density alumina

discharge tube and have high vapor pressure. This component of the laser must

consequently be the source of the impurities and must release them only upon

sufficient heating. Low vapor pressure substances (W and Ta) and those bound

strongly (Al and Si) will not be evolved.

This model will be supported in succeeding sections.

I

1
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VI. EVOLUTION OF CONTAMINANTS WITH T1XiL.

A. General

The contaminants discussed in the previous section were generally found to

decrease with time as the discharge was operated. Increase in input pc,-er and

tube temperature would temporarily increase contaminant line intensity, but only

to fall again. The obvious conclusion to be draw-n is that t he var,;ius

contaminant species were being depleted from some reservoir internal to the

discharge tube.

The mechanism of this depletion could be thermal in character or could

involve some discharge related process. Long term experiments at different

temperatures and with both furnace and discharge heating were co)nducted to allow

differentiation between the two mechanisms.

B. Laser Operation

Typically a metal vapor laser in our laboratory has been heated gradually to

its working temperature over a period of one to two hours. Heat-up periods of

less than 1/2 hour have also been used but that requires .is,'orge operation at

maximum input power from the start. Since most of our experiments have involved

laser tubes that have been recently exposed to the atmosphere and some period .)f

* clean-up" has generally been required, such short heat-up periiod, have been

rare. Tests and practical applications that allow continued use of a laser

without exposure to the atmosphere are another question, of course.

The intensities of most spectral lines are found to increase

during typical laser heat-up (Table 7). The most volatile elenents, nitr',cenT,

hydrogen, and sodium have spectral lines that show signs f deorease,

28



TABLE 7

RELATIVE INTENSITIES OF SPECTRAL LINES

DURING TYPICAL COPPER LASER WARM-UP

-j C)-- 0-4 -, -

He 5873 2 x 10 -  
1.4 x 10 1.5 x 10 1.9 x 10

H 4340 4.5 x 1-7 5.4 x 10o6  7.3 10

-Cu 5782 * 6 x 10-  2.7 x 10 3.1 x 10

Na 5889 * 4.3 x i0- 6  6.3 x 10- 6 2.25 x 1 -

5895 * 2.5 x i0-6 3.7 1 06 . 3

Ca 4453 3.7 x 10 1. in

Fe 4271 3 x 10 -

N 4100 2.5 x 10 1.5 x 106 1.9 10 -  's -

j *Very small

I-



before the time full operating power is reached. At this time the contaminant

line intensities are all about two orders of magnitude below those of copper and

helium.

The time development of contaminant species can be seen more clearly by

F- following line intensities through a long heat-up cycle followed by an even

longer period of steady heating. This has been done with a fresh lead vapor

laser discharge tube brought up to maximum for the first time in 16 hours and

then heated for another 64 hours. Figures 6 and 7 show how several of the most

important spectral intensities varied. As might be expected helium line

intensities (Figure 6) approach maximum with the input power and during long

term constant inupt power operation remain roughly constant. The same figure

shows that hydrogen and oxygen line intensities peak after only 7 hours well

before maximum input power has been reached. This is consistent with the

I- depletion of a source of both gases (e.g., hydrocarbons) at this time.

Thereafter, the lines of both, as those of all the other discharge species,

decrease roughly exponentially. Table 8 lists the values of the e 1 time.

VThe only other gas, nitrogen (Figure 7), has a later line intensity peak and

a much larger ultimate clean-up rate (Table 8). Clearly the source of nitrogen

is quite different from that of hydrogen and oxygen.

Sodium and lead line intensities peak with the nitrogen lines and the input

power. All three have long term clean-up rates related inversely to the square

root of the atomic (or molecular) mass, as is the short term rate for oxyen

(Table 8). Such a relationship is indicative of loss limited hy Jiffus'ion

through the helium buffer.

Calcium, the only other metal contaminant with lines f measurab, i.tensity
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FIGURE 6. VARIATION OF SPECTRA. LINE INTENSITIES DURING LONG TER-!
OPERATION OF A LEAD VAPOR LASER. HELIUM, HYDROGEN, AN D
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FIGURE 7. VARIATION OF 'ECTRAL LINE INTENSIIFS DL ING
LONG TERM OPE b\T ION OF A LEAD VAPH R LASER.
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V7 TABLE 8

LONG TER-M CLEAN-UP RATE FOR
VARIOUS CONTAN.INANTS

~Diffus ion

Controlled-1 -i

e e Time
Time Scaled to t, aL

From Data of Lead*

on Figs. 6 & 7 _ _

Short Time Long Time

- Hydrogen .090 hr -  .012 hr - 1 .33 hr -

Oxygen .090 .019 .084

Lead .033

Calcium .029 .07;

Nitrogen .086 .289

Sodium .088 .

1/2

.033

Vx<+
Averaged with ,alues determined 'rin ,ter :;: tr :- t

same species.

Vl
1<
F-~

Vo .. . .. . ... . . . .. . ... ... .



appearing at these temperatures (Figure 7), peaks at an even later time

Furthermore, like the long term rate of hydrogen and oxygen, its decay rate is

well below what might be expected from diffusion.

Once the laser tube is cooled and then reheated, line intensities initially

rise to higher levels than they had just before the discharge was extinguished

and then decay exponentially as before. Figure 8 shows the development of

sodium line (5876A) intensity during such a reheating and the decay rate during

the first run preceeding it for comparison. It should be noted that the line1

intensity peal is well below that of the first run and the decay rate

immediately following is similar to that of the first run. However, a secondary

maximum appears obscuring the long term decay. Such secondary maxima can also be

seen in the latter part of run 1 on this figure and on Figure 7.

-Exploration of higher temperature ranges has been made with a copper laser

tube (Figures 9 and 10). The p4incipal difference from the lead laser

experiments just discussed lies in the added thermal rad'3tion shielding,

allowing 2000 watt input power to produce discharge tube temperature of over

1400 0 C - 150C°C, and the fact that this was not a ne w tube. Figure ; shows

initial heat-up and Figure 9 shows two runs that followed.

The general pattern of an initial peak in line intensity followed bv an

exponential decay is repeated. Decrease in peak amplitude with each succeeding

reheat is also repeated. The gradual increase in input power shown on Figure 9

produces a long term decline in sodium line intensity after that first peak,

until a time-temperature condition produces a second peak. Successive reheating

produced only the exrected primarv peak and a decay rate of the so'iitn line

(Figure 10) of .09hr - , the same as was found for the lead laser in Figure 7 and
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- FIGURE 9. SPECTR.\L LINE INTE:SITY V\ARIAFIN.:
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Table 8, but different from that shown in Figure 8. Clearly the mechanism

controlling sodium loss does not change with temperature but increased

temperature may, as in the Case of Figure 8, uncover new sources that

temporarily lead to a slower decay or even increase in sodium line intensity.

The decline in copper line intensity in Figure 10 is typical of the behavior

of the laser as it runs out of laser metal. At no time does the spectral line

intensity of the contaminants decline at such a rate. Evidently there is some

fundamental difference between the way the laser metal and contaminant species

J are delivered to the discharge that causes the depletion of the latter to be

slower.

C. Laser Tube Preparation in Aireye Program

u t-ASL is currently designing and manufacturing a lead vapor laser to ,

used as an illuminator for an airborne Aireye AGTV system. For this

particular application the laser tube must either be completely sealed off or at

most have extremely luw leak rates of buffer gas into the thermal shield rezion.

In order to accomplish this the ceramic laser tube must have metal end caps

attached with a vacuum tight braze joint. It is well know-ii that the preparation

3 for brazing of ceramic materials such as these includes many tedious steps

designed to ensure meticulously clean surfaces for successful brazing.2].
However, as described above, the work leading up to and includino tne

3 current program has demonstrated that these ceramic laser tubes evolve

contaminating species into the active zone under the high temperature Ii-char,o

conditions existing in normal operation. These contaminants must be re, iced to

ensure satlsfacto'y p~rfnr-nace of the laser tubes for long life oppration i a

F .sealed-off 
mode.
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As described in the previous sections of this :eport, long term discharge

heated operation of the ceramic tubes at elevated temperatures reduces the

contamination levels substantially over the time span of spver'1 tens of hours

j (Figures 6, 7, 9, and 10). Therefore, it was decided to include as an Additional

step in the ceramic cleaning process a discharge bakeout procedure. This step

was inserted prior to the metallization of the ceramic because of the high

likelihood that the seals or any vnfinished portion of them would not survive

the elevated temperatures or exposure to the discharge required for the bakeout.

1The bakeout period for each tube was selected to be a continuous interval of

48 hours (+10%) at a temperature of 13000 C (+3%). During the bakeout the buffer

gas pressure, discharge input power and tube temperature were closely monitored

9 and maintained cs constant as possible. The temperature at the center of the

tube was measured with a hot filament optical pyrometer.

The data obtained from these bakeout runs is presented in Table 9. As a

3 measure of the clean-up process the relative intensity of the Na 5895.5 angstrom

line was continuously recordea throughout the 48 hour bakeout period. The only

I exceptions to this rule were th:ee of the first tubes processed whl-  bai no

record during the first few hours of bakeout. For eleven of the sixteen tubes a

complete spectral scan from 6500 to 3500 angstroms v as taken at the end of the

bakeout run. These eleven form the basis for the statistical analysis srbd

below.

As expected, the dominant lines of the tube spectra are frorm the helium

buffer gas. The principal contaminating species were hydrogen and qdiim. n

addition, in tubes -124 and '18, which were two of the lri hest in tem:,ri:iro,

there were very weak, and hence inconclusive, indications 7, :hr1iu and

magnesium lines. This is entirely consistent with earlier servithns thit

3I I
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show the spectral lines of these elements to be clearly in evidence in scans of

copper laser tubes (14000C) and be essentially absent from lead laser tubes

(900°C).

[-A The principal interest in the sodium line intensity is as an indicator of

the tube contamination and its time dependence. From the table it can be seen

that the sodium line intensity reaches a peak value within 60 to 120 minutes

(t in Table 9) after turn on. As expected, there is a correlation between
I-Pk

the time to peak intensity and the turn-on sequence. That is, the longer the

elapsed time from turn-on to reach a given full input power (tFull Pwr in TableF2
9), the longer the time to peak sodium intensity. A lower peak input power vill

also extend the time required to reach peak intensity.F-1
Once the peak is reached the intensity falls to a minimum value which is

r ty- 4-ally a factor of 2 to 3 lower. This occurs over: a period var'.ing fror.

about 1-1/2 to 4-1/2 hours. In over three-quarters of the tubes this minimum

value was within 20% or less of the final sodium intensity level at the

conclusion of the 48 hour soak period. These results are qualitatively in

I agreement with those shown on Figures 8 and 9.

The data from the eleven complete spectral runs have been analvzed in more

Kdetail. The tube temperature during processing shows only a moderate positive

correlation (r = +0.58) with input power rather than the strons relation one

might expect. Similarly, the final sodium line intensity was {ounV t have )n1,

a moderate positive correlation (r = +0.65) with the tube temert,-re. The

increased vapor densities which accompany increased temperattire ; kIl ibe

expected to produce higher line intensity.

Part of the reason for this discrepancy may lie with vi lt n in 1 ,

I"4
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initial contaminant concentration within the ceramic tube walls. f t 1

tubes run between 2/19/80 and 4/2/80 (see Table 9) were operate"' wit- " a higher

input power than was tube #10 but all produced higher initial peak sodium line

intensity. This low sodium line intensity characteristic continued through ,ut

the life of that tube. Similar low sodium character was true for tube :115 and

to a lesser degree tube #2.

This variability of sodium line intensity for the group of tubes studied '.,was

about 50%-80%. Comparison of tubes #11, 13, and 7, which had about the same

input power (+0.6%) and buffer pressure (+7%), shows such a variation, as does

any group of similar tubes (see Table 10). The possibility of such a

variability from tube to tube has also been confirmed by the supplier.

This variability shows up in a practical way when one seeks to establish hw

long a given tube must be baked to reduce impurity line intensities in a Oi',e:

amount. The tubes in Table 9 had sodium line intensity that dcre.;, vw...Kere

from more than a factor of ten to about a factor of t'o , tbo10h

discharge-heated under similar conditions. It is consn2:,tIv'

determine when contaminant levels have fallen -.ufficnt. "  
',

monitoring their line intensities during the course o1 .1iso, , 1- .ir

A more marked exanple of discharge tube v- ribilit" ,v

contrasting the decay of contaminant line intensit',:

the decay found with others invest izated on this 7r>'r m ... ..

7). The early experiments usually had peak s sium 1 , .' in. r :

o on the scale of Figure 7 and long term intensities f Ob:t I -. a"

The Aireve bakeout runs, usinc the a.1m e sp- tr 0C', - I r I,

1 presumabv the same sensitivity ca e , h', FI d r .'. ... ;M

!12
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TABLE 10

COMPARISON OF SODIUM LINE INTENSITY
AT END OF RUN FOR TUBES OPERATING

UNDER SIMILAR CONDITIONS

F Ma ~M aax ,

Variation Vari3tion Variation
In Buffer In Input In diodium Line

Tubes Pressure Power Intensity, From
Compared From Xean From .!ean 77ean

r Low Power 11,13,7 7.6 7 '

Mid Power 14,4,8 2.4% . 3
, id Pressure !,

High Power 10,6,24,12 57 0 53

Low Pressure 9,15,2 13. 19

[2 High Pressure 18,1,3 9.6'1 4.> ',Y

1
F

F
F,

FH

F]i



100-150 and 10-50 after their bakeout.

Evidently there is a considerable difference between the two sets of data.

However, the difference lies in substantially lower initial peak sodium line

intensities with the Aireye tubes. The sodium line intensities after bakeout

were comparable.

A batch to batch variability in the sodium content in ceramic tubes, that

exceeds the tube to tube variability within a given batch, is indicated. For

instance, the variability in the batch described by Table 9 is about 50' while

it is a factor of ten between this batch and those used in Figure 7.

-4
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i 1 VII. WICK CLEAN UP

The preceeding studies have shown no marked spectral dependence upon the

presence of wicks. This is due to the total absence of tungsten and tantalum

from the spectra and a primary interest on the latter stages of bakeout.

However, the presence of wicks does affect contaminant evolution during the

early stages of laser operation.

F The addition of wicks to a laser, before they have been loaded with laser

1 metal, greatly increases the surface area available for adsorption of

hydrocarbons, atmospheric species, and other contaminants. Consequently, the

time required to reach a given level of spectral intensity is extended but only

for a few tens of hours. Beyond that priod contaminant evolution proceeds much

as before. Evidently contaminants absorbed within the wick material play a

1 neg~igible role.F
1] This can be best seen by noting what happens during a process in which the

ceramic tube and tube wick assembly are heated sequentially. This has been dore

with a number of 1 l/6" ID tubes destined to be lead vapor laser,. Te decline

in sodium intensit- w's qenerallv similar to that lho'c cniure 7.Te so ...

5889A line intensity attained after discharge heating the ceramic alone 

generally the order of 12.5-15 on that figure. Subsequent bakin2 with wicks

inserted brought the sodium intensity down to about !0-I' on the same cale.

These results indicated, and have since been confirmed, that approximately two

days (48 hours) of discharge heating, with or without wicks, will produce tht

same line intensity as a long run. in contrast, the addition of laser 7netal

to the wicks before they have been well baked out leads to incorplete wetn

and slowing of contaminant evolution. The most startine rsor..3t

K
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associated with outgassing of the wick through the laser metal, is the

appearance of bubbling and similar movements of that liquid. Inadequate

preheating of laser wicks will thus always be evident.

-' While gross contamination of wicks was generally cleaned up before laser

metal was added, small levels of contaminants were more difficult to observe.

Wetting may be adequate and bubbling of the liquid metal may not be observed but

there can still be an effect on long term wick operation.

-Appendix 3 describes two sets of experiments using discharge preheating of

lead vapor laser wicks as a parameter. One set used only limited heating before

lead was placed in the wicks. The other set used wicks that were preheated at

least 20 hours. Figure 1 of Appendix 3 shows that the preheated wicks
1

consistently contained the lead vapor longer. The difference was as much as a

factor of 4 with clean conditions leading to lifetimes of several hundred hours.

- The longest test on this program, and we believe anywhere with a lead vapor

1 laser, was over 300 hours.

The difference is related to the wetting of the liquid metal on its wick

and, possibly, the cleanliness of the liquid metal surface. A contaminated wick

will not be wet well by the liquid metal and, with passing time, the wettinc

forces will decline. This results in a decline in the flow of liquid back into

the hot zone. Eventually there will be an imbalance between the metal vapor

* lost to the cool end of the wick and that return flow of liquid. The deficit

* will accumulate until the wick is dry in spots and flow is interrupted. 7he

] vapor within the hot zone is not replenished and a precipit-uis i rn

J

-- pwrrsjs
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Often the loss of wetting will be so sudden that drops of liquid me -L 1 2l

form on the wick, usually at its cool end. Vapor lost from the hot z ne ill

accumulate here blocking the laser beam.

As an aid in the cleanup process, a small quantity of hydrogen was sometimes

added to the buffer gas. Oxides and other contaminants were mre cu::_1v

reduced. Furthermore, if laser metal was added to a wick later found to still

be contaminated, the addition of hydrogen was by far the fastest wov to zet

wetting to take place. Of course elevated levels of hydrogen could be found in

the laser tube for some time but this rarely had a long term impact uuon the

laser output.

The laser lifetime data in Appendix 3 are presented using a dimensionless

parameter found to fully characterize the wick: the length to diameter ratio.

The laser lifetime dependence is of the form:

T = exp (-
d

where S is the amount of metal stored, F is the vapor loss rate for ern wic-
0

length, , is the wick length, ' its diameter and k' a constant. .A .odel 1c

presented to explain this dependence.

The general applicability of the formulation is emnasiced in

Appendix 3 through the inclusion of long life data from anonther pr cr.im uslnz

copper vapor lasers. Thus, while the range in lifetime data used i: toat ri ,'r

is the order of a few tens to several hundreds of hours with !el0d iU o-p.--

lasers, there is every reason to believe that the model can ho ex teo ,

4 into the range of several thousand hours.

.7



V 111 FL'RNACE HFA T I :(

The studies discussed in the previous section have indicated that the

primary source of contaminants is a thermal mechanism which "cleans up"

contaminants in the alumina ceramic of the discharge tube. in order to confirm

this a series of experiments were conducted using a furnace to heat the tube.

In this way the heating could be limited to the ceramic and disci:ar, .ehnisms

could be eliminated as a contributing factor to any contominant clean--a,.

Two 24" long lead laser tubes were preheated. One was heated in a muff

furnace with a tempeiature distribution as indicated on Table !I. It w aq held

-. at this maximum temperature for 48 hours. The second tube had been disoharce-

heated extensively ('100 hrs.) at temperatures below 127') C and in pr.;;ir.atIon

for these tests was heated to 1285-12900 C for 32 hours.

Both tubes were then run with the same 8" long thermal shield and 1-nder the

-7 same discharge conditions. Full spectral scans w.ere taken several times durinp

the course of each run.

Such a short hot zone was chosen so that the essentially unh'ate. ..d

the furnace baked tubes w,;ould not be subjected to eeva tO teneratore,

Obviously it would have been preferable if the furnace baked zone had neen -ust

as long as that discharge-heated but, a furnace of appropriate l1nth an ,

temperature was not available.

A comparison of spectral line variation for tubes prepared in hoth wass

shown on Figures 11-14. Figure 11 shows that both tubes ultimately reached

about the same input power and tube temperature. The furnace heated tnbe iust

lagged by about 1/2 hour.

,-0



TABLE 11

BAKING TEHWERATUPE PRolETLE OF WLEFR.C

HEATED CER.AMIC TUBE

DISTANCE FROMN TE,'!1TA- UK
CENTER INCHES C

0 1370C

" 100

12" 330

V

T1
I-"

T.

., "r1.'
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FIGURE 11. COPARISON OF INPUT AND
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FIGURE 12. CCPARISON OF !{YDR.OGEN 431,A AND OXYGEN 5331-VLINE INTENSITY DI'RING;(; S,\NDARD LEAD LASER RUN.
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FIGURE 13. COMPARISON OF CA.C7-! (-24353) A.ND .: ,
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1 Generally, the furnace heated tube was more free of contaminants than that

prepared by disch'rge heating. Hydrogen (Figure 12), nitrogen and calciumK (Figure 13) line intensities were lower throughout the course of the runs.

Sodium line intensity from the furnace heated tube began very high but quickly

fell to indetectably low levels. Only the oxygen line intensity was higher for

] the furnace heated tube than for the discharge-heated tube. Clearly furT!ace

heating is at least as effective in cleaning out contaminants as is dlscharge

I heating.

In order to extend the use of furnace heating in temperature and dimension,

two ceramic tubes (for use in a standard copper vapor laser) were sent to the

'1 General Electric Lamp Glass Department in Cleveland, Ohio to utilize a

production line furnace for Lucalox lamps that heats ceramic tubes to 1800°C for

I 48 hours. In this furnace all parts of the tube are brought up to 1900 0 C.

I After processing these tubes were run under typical copper laser discharze

1 conditions with input power gradually increasing throughout each run. As in

most such runs, the rate at which power was increased was determined by the

-.. cleanliness of the tube light output. An untreated tube was run in the same -av

fur c7.,i r i i n. ?cr)c- of the :3"11ir- a S : ngs tr Pe spectra I ne 1.tr, n 1tv

J given in Figure 15.

It can be seen that the untreated tube, which could only be brouc2ht u to

1520 watts input in this time without undue dischar2e instability, '1 sodiur

line intensity that lies highest. A second reheat cycle with cnpper T C

be brought to 1722 watts input and produced a modest rediction in i'm I::,o2

intensity. A greater reduction was not observed because of t he br.,vi- s.f t,

first heat y -ycle. Tong term discharge he-ting c,uil ruduce line n', nst[, ,

down to the 10- 6 scale level (see Figure 9).



FIGURE 15. C0O4PARISON OF SODIU'l 5895, LINE 1NTENSITY DRN;C'OPP--R
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1In contrast, a tube preheated to 1800 0 C in Cleveland could be brought up to

1845 watts input, almost standard operating conditions, with only wvak evidence

of contamination. The peak sodium line intensity was as low as could be

obtained only after long term operation with any other tube. Furthermore, the

sodium line intensity fell very rapidly from this peak, implying a superficial

source that is quickly depleted. A second run had the same form except at even

1 lower values of sodium spectral line intensity and faster fall off. The input

power was 1935 watts and the laser power 4.5 watts. It is interesting to note

that the sodium line intensity was essentially constant after its fall at the 30

minute mark despite an increase in input power from 1420 watts to 1935 watts.

Clearly furnace preparation of the alumina ceramic is sufficient to provide

the contaminant clean-up desired.T
V
V

9')'
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IX. SEALED OFF LASER OPEFATION

During the course of this program a sealed-off lead laser was tested in

order to evaluate the effects, if any, due to the build-up of contaminatinp

species over a long-term, during which they were not flushed out ith a buffer

gas. A description of the laser is included in Appendix I.

The laser was baked for 106 hours. The first 48 hour ba-eout, siMilar to

those done previously, used a flowing buffer (24 hours at 10O0 C and 24 hours at

1200 0 C). Sodium line intensity at the end of this bakeout was 10 on the scale

of Figure 7. Oxygen 5331A line intensity was stable. A new sequence ;as then

1 added in which the window assemblies and windows were heated as ,:ell as the

discharge tube. During this process the windows were heated to over 200'C and

the discharge tube to 1700 C for almost 4 hours.

1Most contaminant lines were not observable (10 on scale of Figures 6 and 7).

Only nitrogen, oxygen and hydrogen could still be seen. Towever, after W''

sealed off and run for six hours, nitrogen, oxygen and hydrogen atomic lies

decreased by a factor of two or more while some of tler -oiecular 1ine 1 .n

F -2 to appear. Simultaneously the total (helium) res :re f Il1 at a rate of .2

mm/hr. This pressure decrease continued throughout a cm narahe r n t 1': n

place during the next day. The rate was then 0.2, mm'hr , prr duci na net h, li ,n

pressure drop of 2.8 mm or 23' of the :2.3 mm fill.

At this point t lase r vs opened and leid a;- Jh 7n r i i-

lasinvg . The shell was filled 4it h he i,im -nd t -e 1 ,. !,i .. :: -

while the laser was in a flowin - ndit i on. n t-I i: .: r

e v o l v e d f r o m t h e l e a d i P r e c i r r i .. '. " , , " , i : : f, .

end of this last 'ake,)it the " ;rs A n ', i . 1

V.



During the sealed off run described in Appendix I, both pressure

measurements and spectral scans were continued.

The spectral line scans were generally quite simple with no clear evidence

] of calcium, oxygen, or most other chemically active impurities. Similarly,

there was no indication of molecular bands or similar complex line formations.

Only helium, lead, and hydrogen were strong and nitrogen and sodium could be

identified. At no time, short of vacuum failure, did the intensity of any of

these lines increase. This encompassed a sealed-off period of l'8 hours during

70 hours of which the laser was in operation.

*This result is particularly significant since it shows that gas evolution

had been minimized, if not eliminated, by the previous bakeout. Furthermore,

the saffil and zirconia insulation surrounding the laser tube, and now also

withit this same sealed region, are compatible with the temperature and pressure

ranges used.

The intensities of contaminant spectral lines not only did not increase,

they declined at a rate of about 20% in 21 hours (Table 2). Purinz the same

time the total pressure fell from 22 mm to 20 mm or ICC in 21 hours. This a

-: 
-~accompanied by an increase in di scharge tube temperature (391" C-91 5°C) and laser

power output (0.23 W to 0.31 W). Lead spectral lines ccmpeting wit!, the 1Tper

state of the laser transition fell, as one would expect (see %oendix A1.

The decreasing line intensities and pressure must renresent a real iecrease

in concentration, possibly due L,) discharge pumpina o: ions int tl "
e electrd,.

1-i
.. . ... ..v i. ... ... ....... mnnl• •. ... • , -- ..
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TABLE 12

DECLINE OF SPECTRAL LINE I 1EYSfiL
OVER 21 HOUR SEALED-OFF RUN

ELEMENT .INES AVERAGED - LL IDE

Nitrogen 5005A") -
53790

5 3 7 0 A

5999A0

6008A0

Helium 3889A 2

4713A

5016A

Hydrogen 341A

4719A

4361A

Sodium 5896A 

Lead Lines competing withl laser transition 23"

• 3'83.\

Lines not competinz with liser transi1i,'n

5o

3T.O
Lt:,

~-1

S t . •



F,
X . MASS SPECTROME1FTRY

An investigation of the gases within the laser was also conducted -wth a

mass spectrometer. The dominant peaks observed and their identification is

F- given in Table 13.

For reasons that are not understood, hydrogen was never seen. Otherwise all

the non-condensible itomic constituents identified in the optical spectra were

observed. Some of the molecular species found in these studies were also seen in

the optical spectra but others (CO and H 0) were not. Nitrogen was always the
2 2

dominant contaminant.

Major difficulties were encountered in attempting to obtain a quantitati%'e

calibration of contaminant concentration from this data. The presence of r-f

17 fflIde and the high pressure inert gas buffer caused particular 2ifficult-ies.

Consequently, other techniques were used to obtain calibration estinates ano t:e

mass spectrometry results only supplemented our knowledze of w hich trace

F contaminants were present.
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Not":0e ctha t h eIi umn a1n ne on buf e r 2a s sso un0 toi
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]- x. ABSOLUTE CONCI NTRAF ION OF

In order to obtain an estimate of contaminant densities a series of

measurements were performed in which the partial pressure of one or more species

was varied during a series of optical spectral scans. The sealed off laser

discussed in Section IX and Appendix I was ideal for such a purpose since a

given gas pressure and composition measured outside of the hot tube could b,

used to establish the pressure within that discharge tube.

The analyses to be discussed here involved a small leak to atmosphere and

periodic pressure measuremnents over long periods (e.g., 13 to 95 hours) to

establish impurity concentrations. In this way impurity levels of hydroeen -n,

nitrogen were added. The nitrogen (Xi) partial pressure -as always taken to be

78P of the atmospheric pressure admitted. The hvdro.en (H1 ) partial pressure
-4

largely the product of water dissociation* and so was taken to be 0.47 of

the atmospheric pressure admitted (18.65 mm water vapor Pr,,ssure -t 1i>

relative humidity).

K The spectral measurements were referred to the intensity ofi a helium ine

so that small di ffe rences in alignment, et: . c,,uld be ,cc unted "r. 7he

dependence of such scaled line intensities on the part Il ressure t

co, stituent is linear. Figure 16 shows this linearitv for tw.'o lines of nitrogen

and one of hydroien. Since the lines extrapolate to the oriin this -ilibrat n

I can now be used to estimate the partiail pressure ,of aitrocn or hv~r-c.n f-'-

*The iischar "e used was of such 1n :;tensitv that nItrren :nle'-, rr h-.. ..rc

very small and no other molecular bands cnuld be furd. In additn, the
corresponding tomic lines wPre qtro iz, implvih that enle! with

[ _ di. :,o,'ia , >ince the H} !is-4ociiatio>n enerpy is , ni'"-,v eV t, ta'.

dissociac ion of water can ',,o assilmed!.
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line intensities emitted from another tube operating under similar conditions.

The densities for other species can be estimated if the effective electron

temperature is known. The intensity of a spectral line is given by: 
13

N 87 e 2 e2 f -E/kT

u m 3

where: I is the intensity
N is the number density

h is Planck constant

E and m are the charge and mass of the electron

is the emitted wavelength

E and g are the energy and statistical weight of the upoer level of

the transition

f is the oscillator strength

k is the Boltzmann constant

T is the electron temperature

and u = 3 g exp (-E /kT) is thne partition functi-: f2' .. 4'.'c:'.s: e:le
n n n summed over its ene . .

TC the )Cc is soed for

3

where K is now a constant for the specific species and .i., :rrt.

can be determined by plotting C against E for a number of n,- 7,1

species and finding the slope kT = . This hias b e 4 r i.-.

nitrogen, hydrogen, and lead vapor in Figures 17-20. The ;c-ittor n , 1' ,

can be related to changes in laser operating conditions h:ri:

-scan. Two separate groups of data no ints produr mo 'verv

= '>
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(temperature) can be seen on Figures 17 and 19 and three separate groups can be

seen on Figure 20. Each line on Figure 20 is also associated with the spectral

lines making it up and it can be seen that the points forming the upper two

lines fall into two non-overlapping wavelength bands. Possibly operating

conditions changed when the scan passed 4100 angstroms.

Even after accounting for the substantial scatter in the data the effective

temperature associated with the three gases can be seen to be far exceeded by

the temperature associated with the lead vapor.

This implies that different processes were involved in the excitation of the

high lying (appproximately 13-24 eV) gas atom states and the low lying states

_ (approximately 5 eV) of the lead vapor. Time resolved measurements made during

an earlier IR&D program show helium emission to peak several microseconds after

the discharge is extinguished, supporting an afterglow interpretation 'or the

excitation of the gases. Direct electron excitation has been acc-pted for

sometime as the mechanism for excitation of the metal.(15)

Consequently, in estimating contaminant partial prassures, a hi h

temperature (15,000 0 C) was assumed only for easily excite. ei .. ,

sodium, calcium, etc.)

That temperature was inserted in equation I and then the ratio of the intensity

of a contaminant line to that of a lead line was made, e. .

1 3

=CoL n C on 0b Phn g~)r -

1Pb (

MAN1

1Ol = C n {i~ R •
1p x --°r -. .



where subscripts con and Pb respectively apply to the contaminant and lead

vapor. The only unknown in this expression is N c the contaminant partialcon'

pressure. The intensities are measured during our experiments and all other

factors can be determined from the literature.
1 3' 1 4

This formulation could not be used for the gases excited by recombination

in the afterglow. The cold Maxwellian electron energy distribution does not

cause the excitation but is more likely heated by it. Consequently, whil.e

states lying within 0.2 eV of each other may be in equilibrium at the 1,5C
0

temperature mentioned earlier, there is no coupling between different species of

greatly differing level energies. Simultaneous solution of equation I for two

different species will not lead to consistent results. The partial pressure of

hydrogen and nitrogen must consequently be determined using a calibration of

line intensity similar to that shown on Figure 16. Table l lists the

c,1i Hration used and Table 15 the results when these procedures were used on a

sealed-off lead vapor laser with a small leak.

Contaminant concentrations typical of a lead vapor laser with a flowinc

I ~ buffer gas after a long bakeout period are given in Table 16.

As was noted earlier, more effective clean-tip can be ahieve if hiEher

temperatures are used to bakeout the laser tube. Consea entiyasimilar

analysis was conducted for a copper vapor laser. Filure 21 shows a teratur.

determination using copper atom lines. It is ",ntr, tin t note tat tO

] temperature of the copper vapor discharge .as only ihout half f thle, id v I r

discharge.

Finally Table 17 shows the contiminant cn'rtrd"n,;

nitrogen gas, i dominant eontaminat In eiriv biut t -, ,

F--



TABLE 14

CALIBRATION OF SPECTRAL LINE INTENSIIY FOR IRSSU3OC

Io

nitrogen 5378A line inetnsit;
Nitrogen Pressure x .m63

helium 5047A line intensit'

FlHydrogen Pressure - hvdroeen 49bILA line irirensit:-
helium 5047A line intensity

or

helroun 9I7\ line i:.eAsitv

helium 5047A line intecsiv •

vi
F:
I;

r7



TABLE 15

; PARTIAl, PRESSUIRE F CONMI A-

IN A SEALED OFF LEAD VAPOR LASER

- SPECIES p.RTIA,

Helium

Hydrogen .8 7.

Nitrogen .7 m

'-- Sodium .06

Lead .05 -nm

Calcium .)00 mm

t 3 K 32S m,

Tube Tcmt Lrature: 795 C

Tim- So lied: 17 hours

Se11 C ,nd iicn: Lak

1L1

n

1



FI

F

&- TABLE 16

PARTIAL PRESSURE OF CNA: A

.ini AFTER LONG RUN TIME IN A LEAD VAPOR LAS E,: , \ Al

SPECIES PARtiAL t S I

-3jSodium 3 x li 22

Calcium 0x 0 3n

Hydrogen 5 x 10- 3-

Nitrogen 10,

.A
A

I

-1

J
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TABLE 17

PARTIAL PRESSURE OF Ov ,, I. .,.S

IN A COPPER :APOR LASR4

He1lium :'

Hydrogen .2 m

Copper 2.5 :: 10 mx0

Ca1ciu ,, 2 5 :

H~~~agnesium7,:. 
-

Iron T

Sod -,;
I Sodium i. ::

• hromium i.0t :. b

I

Power nput: Lo9 0,O

Tube Temperature: 1300'0

Output Power: 1'..

1 . . . . .

'.r o l tt o u~ ,i h bd f. i: : .: . : ,-7



pressure has fallen so that calcium becomes most sis2iric.-int. Presumably the

sodium source has been depleted while that of calcium, and other 11.er v:aor

pressure species, continues to evolve vapor.

When the laser tube has been oven baked at 18000 C for an extensive period

(see Section VIII) even lower contaminant concentrations can ultimately be

expected. Sodium line intensities over an order of magnitude below tl'.ose

obtained with discharge heating imply sodium partial pressure it the 10 -  ,

p3 range.

p3

_1



2 XI11. CON'CLUS IONS

It has been shown that the alumina ceramic discharge tubes are the

F principal long term source of contaminants. In early stages of heatin4. nitroen.1
and hydrogen dominate but eventually metals such as sodium, calcium, etc. bccmv

more important. Bakeout temperatures as high as 1800 0 C are e' fe't ive

removing these contamina- firnace heating is particularly attractive 1---ai::

of economy (when contrast, -- discharge heating) and the extreme ,e=.k2roture:

available. Contaminant partial pressures in the 10- 6 M range ave 'on

1 vaibltm>0)i h otaiat rsn ntevno rne ve bein
determined and inferred down to the 10- 8  mm range. The problem of largo

F" variability (>50%) in the contaminants present in the vendor receive,. tribes cl:-,

1
only be solved by baking to some uniform level of cleanliness.

'1

During the course of this work two significant analytical determinations

were made. First, a simple model has been pro.ven relating the time a wick of a

given aspect ratio will rnontlf n i tal . ,.

l l [5yrY 1 ;0 In a lead vapor laser.

A ne. forn ',f " ai l .- ,r .! . ;

some of this work. This developmeit represents a significant ,dvanced in Its on

1 right.

The detailed role that contaminadnts play in chjntgiuc ciJrActoristi : t.

discharge and laser operat ion was not addres sed . The di t ri i t'io m, n',

deposited within the discharge and the efficiency 5- ivr , ,' i u nr,

prfounl ;n ffr t-I . At t 1,; "utoi t power ir, ltI r -7 . "r o

- the addition nf a sma II quantityof .acothr

. . . nl . . . l l l I I1 n i



.2 Continuation of the work described in this report could thus hive prct ica! as

well as scientific benefit.

._1

1
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Sealed Off Lead Vapor Laser

INFORMATION REQUESTED/RELEASED Abstract

A DHPbVL (lead vapor laser) has been operated in a sealed off -. "o vtho.t use
of a vacuum pump for 78 hours. The cold windcw desirn invol'.' ite-:,i or

high temperature seals and so is expected to be the Frototype -or very longterm operation.

Previous pulsed metal vapor laser designs in this country ha'either involved a
flowing gas1 , required a vacutm pzump, or a high t - erature -i:uum seil 3 ,4. The
latter category has use, a quartz t:Ievith not winU-s asd ac.'r'- h

. temperature feedthrouhs for the ele.trcd -3 or a ce: t"
perature ceramic to metal 'oJnts at its ends and a s-.t- to Z in.'
metal vapor 4 . ihfile the c ntin:'us f ew and vacumiu: i,.:

the high temperature joints of the sealed alternative invun-es e:.:pen-ve a:- Un-

certain technologies.

An alternative a-.Droach is Jisdsussed her.- t:-at involo..'es cnv . .-

-joints and cold oindos. Cnsocri, soil ::>t:

with argon ion or even ne1 jico neon iasrs ,-nit :e ac

The basic approach uses a desin s r to t Jis r, . ..I.in the literature previoI Figure 1 , el : , "
ceramic discharce tube cr -tairs ani

supply and cont i , tu --i v I -or :t in A Ur
--r ' t bul '- r - o e! :tr.c .,o: sl ir _*it i to trioe e f f t.,,,',- . . . ' , " ;:

holes in t-i ectroe -,

gas also fills the ann ,ir space ur
high tempera ture tie-= i and el ectr i r
extends aver tne wioks onlv as far as nvt
gradient ao:, the. * e annul nr "-- . .... .. ..

discharge pover io'sited in t7e ,*r t- e . --. -.I'sufficient to -r:vroetoe 7s-r - 1. -7.. .. .

annular i:nsul;tor sin z:ntaot c i.l :7 - 7 71tue vacuum "3... Z i t O .in ,2 ircrn-. nt. - , -:-i r L . t .- . : .-, -
sl- -sll are srff iint electri . .. .... 1.2 " 1 C .

the two electr. th,: ";i 1 b, ,,nt........' .. , -
It is this double funct ion of the annuar :in;. i...

C.E. An i r ;,-r n . - . it , ,,:

R.S. on L.. Sprnr , nr "
B.c 3G. Bri,7's

T.E. B I-zack.

B.P. F ' . .T- ~ y
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PIR
Page two

I
The only insulator to metal seals are those in the outer vacuum shell, Since
these joints are in a low temperature region and see only minor tecerat're
variation they should be both reliable and consistent with lonz life. This

can be contrasted with high temperature seal designs which must inevitably
place greater stress on this element.

The principal question in the test of such a design is the e fectiveness of the
electrically insulating section. The material of which it is mnade mu-: bec
sufficient diar 2ter to thermally insulate the discharge tube and cf si:.fiient
length to prevent electrical breakdown.

Experiments have been conducted with a zirconia insulator 2;," in CID
13" long surrounding a 1" discharge tube filled with lead. The va'7, se

was made from copper gasketed VAR AN components and C-raJ.m vu -..
The windows were attached through glass to kovar tubular seals. Al l1 bellows valves were used to evacuate and fill the device.

The apparatus was first outgassed by running in a flwinz mcde wt> 2

the tube. The tube was then sealed off and run for a t-ce to tr:P:
new input power requirements; since with gas in the annular r 7

, e-7e

-I
,  would now be needed to reach operating temperatures.

Finally, the laser was opened, lead added to t!e wic ,t? a :en f
lead took place by running the laser in a flowino Ie. TheDen- , -D-e

I I ! run followed.

The zirconia insulator surived 184 hours of rni:u. anla.
laser run involved 108 hours continuously al~d * : 7 ,

l asir4. The test was halted by either a le i V, 1 . ,

the discharge tut, near an electrode, failures boliit:F component under test.

I The characteristics of the run are listed in T e

T 
TABLE I

I Fill Buffer Gas Helim

22 m H,
16.5

Power Su:pl.
Voltage 4.8 '-7.'
Current 380--CC .

Discharge Tube Temperature 900"C

Aves< ,'t2 :,<. p. 2 - •

r Sealed CfC L, : 7.~2

Sealed Cf f .i-e

IS



PIR
Page three

T . The laser operating conditions were by no means optimum. A slightly larztr

diameter zirconia insulator would reduce the input power requirements. The
vacuum breaks making up the external insulator where old and patched
R ¢. Finally, the wicks were of an unreliable short lifetime design and

I.. consequently unsuitable for long term testing.

It is interesting to note that the laser output power gradually rose during
the course of this run. This may be due to non-congruent discharge p -pingT. of contaminants.

Before and during the sealed off tests a series of spectroscopic studies of te
contaminants present in the discharge were undertaken. They will be reported

1 on elsewhere.
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WINDOW COATING STUDY

INFORMATION REQUESTED/RELEASED

It has been discovered that after the first feew hours of opra i..,

might most properly be called bakeout or clean out, copper vapor laso r wind"

coating is due to discharge sputtering of the metal near tne window. Electron

1 beam probe analyses have found iron, chromium and other constituents of stainiess

7steel in the window coating. In addition, their proportions have roucly corres-

ponded to those found in the metal making up the window assembly.

In order to prevent this coating a glass tube has been placed inside of toe

window assembly of a standard M!odel 6-15 CVL and butted against the window. The

tube was I" ID, 1-3/16" OD, 2-5/8" long, and cut at Bre,.'sters anzle so thore was

as little space as possible between the glass tube and te win'ow (Figure i.

Consequently the discharze could not attach an', here near th-e wincw.

1 As long as the tube lay against the window in this w,' no :urthor "i:uo"

coating has been observed. Figure I shows the ofoto-raph at a i'as .

barrier tube run for 30-40 hours.

Of course t!e flat end of the glass tulce w as a -: . to t . h

so sputterin; coati.- s fond both finide a , , .

J end. Figure 2 :gives the optical transmission af tot: i: : . -

distance from the flat end of tue tube. This sh culd .

Ithickness and the distance sputtered material can trav

Two distinct reions ci n ide nti ied in o 'i

opaque coating on the outside of the tube ends r -

A thin but more adherent coati:O ends aCout, r -

slight coating exits even be'. nd this and n:ay r,:r

cc:'. Bri::ka -, _ ,

R. Hcmse " .

r I OF r t,] ~ o.3



I suspect that dif ferent mechanis.-.s are no ve n c ", .teergIon :; u

no effort has been expended to understand them, :or te cur : e o - '

all we can say is that a glass tube acts as a satisfactory dischurc, x:rrier tD

prevent sputter coating of the window. The flat end of the tube ut exte:d o

least 2-3 cm away from the window (L/D 1 1). Greater that 4.6 cm m i-ht be necce--ar "

for run times of many hundreds of hours or longer.

_1
A

~1

I
]

i_



Fiur r -Tiute _ _,a

rN



AD-A100 906 GENERAL ELECTRIC CO PHILADELPHIA PA SPACE DIV F/B 20/5
METAL VAPOR LASER CONTAMINANT STUDY.(U)
MAY B0 T W KARRAS, B B BRICKS F99620-79-C-01TT

UNCLASSIFIED AFOSR-TR-B1-0520 NL



-Ao

-A.A

-I

c 
c l

Jn a
%4

1.

0 c
CO 

'0

Eu

a C)

-4 
-9

1 1

-4-

- .

-Jo.
Co ,

C 
' '-

-
J-

U 'o

Ik . '



'4

rtJ



GENERAL 0 ELECTRIC CLASS. LYR. 1 CPCIO.,PROSARM" ISCOU.,NCE 9O. REv. L.,

SPACE DIVISION uR U - 1254 - - 349
PHILADELPHIA PA%.____________________________

PROGRAM INFO.MATION REQUEST/ RELEASE *USE "C" FOR CLASSIFIED ArN "U" FOR UNCLASSiFIEDU ,OII I TO
T.W. Karras & B.G. Bricks Distribution
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IUBJECTI

Design of Wicks for Metal Vapor Lasers

INFORMATION REQUESTED/RELEASED

Metal vapor lasers are limited in the amount of time they can operate

without attention by the time it takes for metal to diffuse out of the hot

zone. Metal placed in the center of a low buffer pressure copper vapor laser

tube will thus be lost in a few hours.

In order to extend this time, techniques for recirculating metal have
been used. The most common and most effective uses a wick structure that,

once the metal vapor diffuses into cool regions and condenses upon the wick
1-4surface, will draw the metal fluid back into the hot zone . There it will

vaporize again making it available for lasing and repeat of the diffusion cycle.

The most commonly used structure involves a cyiindricd e;eent piaced or

the inside walls at either end of a discharge tube. The diameter 'f the wick

is thus fixed by the inner diameter of the discharge tube. The thickness of

the wick wall should be minimized to prevent obscuration of the active volume
but will in general be fixed by the type of structure used. The only di-ension

left free is then the length of the wick.

In the simple steady state aiffusion of metal vapor throjuh a buffer gas,

T iwith mean free path very small and with the diffusion coefficient assu,-ed
constant, the metal vapor concentration obeys Laplace's equation. In cylindrical

coordinates, assuming the vapor concentration, 3, gces to zero at the walls

(unity accommodation coefficient) and also assuming radial s.7retry, at a
finite distance into the tube the solution depends inverse exporentially upon

the distance into the wick z, as shown below.

C.E. Anderson oAGE NO j qE-E ,-C- E.; -.,-

T.E. Buczacki co ., - -
R.J. Homsey ... 3 .. ,-

D.M. Smith 7, ,, -

L.W. Springer 5 - .... - ,,
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1 P HrPO ee kz Jo(kr) (1)

Here k =2.405/a, 2.405 is the first zero of the Bessel function, J and "a"

Is the cylindrical wick internal radius. For vapor diffusion velocity inde-

pendent of distance z the flow rate F lost out of the cool end of the wick

can be expressed in terms of the length to diameter ratio of that wick,

L/d - x, as

F Fo e+k'x (2)

where F0 is the loss rate for x = 0 and k' = 4.8. The time a metal vapor laser

can operate before its store of metal, S, has been lost is then given by

S _S -k'xT Fo e . (3)

Under realistic experimental conditions the accommodation coefficient for

metal atoms to stick to the wick surface will be less than unity. Furthermore

there will be a temperature and axial distance dependence for the diffusion

constant, vapor velocity, and wick recirculation (wetting) properties. These
factors will all tend to increase the flow rate (vapor loss rate) by decreasing

k' in Equations (2) and (3).

A series of experiments have been performed that suocort this model.

D Cischarge heated copper 5 and lead vapor lasers 6 were used with a variety of wick
length and diameters. In all cases the metal vapor pressure v.ihin the laser

by 20%, presumably due to depletion of metal in the wicks, as a function of the

length to diameter ratio of those wicks. Two sets of data are sho..n, one with

wicks carefully discharge cleaned before loading and cne without s~ecial pre-
paration.

The expected exponential dependence is followed very closely. For both

sets of data the value of k' was .96 - .97, considerably below the ideal

indicated earlier.

The effect of wick cleaning appears as a shift or raising of the curve so

that Ax s 1.4 or A F' = (.88 clean - .22 as is) = .66 hrs. This cannot te

attributed to a change in F since that has purely gecmetrical dependence.



rJ -3-

However, incomplete wetting of the wick due to incomplete cleaning can reduce

the effective length, x, and the available metal supply, S. It is expected

that this effect takes place at the output end of the wick. This cool end of

the wick is most susceptible to such an effect because wetting forces are

weakest at low temperatures.

In surmary, a model has been successfully demonstrated that relates theU metal vapor containment time to be expected with wicks of given dimensions.
, This containment time has also been quantitatively related to two differentprocedures for wick cleaning. Since the same curves have been found to be

applicable for two different metals and several different length and wick

diameters the model is expected to be generally applicable.
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APPENDIX 4

URELATIONSHIP BETWEEN XETAL VAPOR DENSITY AND LASER OUTPUT POWER

In going from 890°C to 9150C in the sealed-off lead vapor laser of

Section IX, the vapor pressure of lead rises by I torr to .37 torr)

and the vapor density by 1.45. The observed rise in power, .23 W to .31 W,

is a factor of 1.35. This is close enough to support a linear relationship

between lead vapor density and output power in this range of the

parameters.
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